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R161Fly Fighting: Octopamine Modulates
Aggression
The genetics and neurobiology of Drosophila aggression are still poorly
understood. A new study using an automated method to analyze one
component of male fly aggression has shown that the biogenic amine
octopamine plays a role in the modulation of aggressive behavior.Herman A. Dierick
Aggressive behavior is a complex social
interaction influenced by numerous
internal and external factors. It is
widespread in the animal kingdom
and, in the case of male Drosophila
melanogaster, was described in
remarkable detail nearly 50 years ago [1].
A recent flurry of papers [2–8] has used
thismodelorganismtobegin toelucidate
the genetics and the neurocircuitry of
aggressive behavior.
The study of fly aggression has
been time-consuming and tedious,
given the lack of an automated
assay that would allow it to be easily
quantified. As reported recently in
Current Biology [9], this obstacle has
now been elegantly overcome by the
development of an automated way of
analysing one component of male
fly aggression, the lunge. Lunges
occur in most aggressive encounters
of male fruit flies [10] and are
unambiguously aggressive as males
only perform this behavior when they
fight. Hoyer et al. [9] showed that the
lunge can be decomposed into threephases (Figure 1): the attacking male
first changes its body posture to
a roughly 50 angle by rising on its
hind-legs (phase 1); then it slams
down on its opponent with its forelegs,
reaching a head velocity of more than
250 mm sec21 (phase 2; note that a fly
isw2.5 mm long); and finally, it tries,
not always successfully, to pull its
opponent towards it with its forelegs
(phase 3).
The first two phases only take on
average 46 milliseconds, a fact nicely
illustrated with high-velocity movies.
With a regular camera, a lunge takes
just three frames, and Hoyer et al. [9]
developed software, called ‘lunge
count’, to count the number of lunges
from this characteristic video
sequence. They applied this analysis
on the last 15 minutes of 30 minutes
of videotape of one pair of males in
a small arena with a food patch (the
presence of food greatly enhances
aggression [10]). The software also
registers walking distance and size
on the basis of the fly’s surface area.
Because the software is somewhat
sloppy at low fighting levels, theyFigure 1. The three phases of the lunge.
In phase 1 (top), the male fly rises on his hind
legs, changing his body posture to aw50 an-
gle. In phase 2 (middle), the attacking male
slams his front legs down on the opponent
reaching a head velocity of w260 mm sec21.
In phase 3 (bottom), the attacking male
tries to pull its opponent towards it with its
forelegs. (Photographs courtesy of Susanne
Hoyer.)
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Figure 2. Tyramine/octopamine synthesis and its effect on fly fighting.
(A) The biochemical pathway leading to tyramine (TA) and octopamine (OA) synthesis. Tyramine
is synthesized from the amino acid tyrosine by the enzyme tyrosine decarboxylase (TDC). TA is
then converted to octopamine by tyramine-b-hydroxylase (TBH). Note that octopamine differs
from norepinephrine by the absence of a hydroxyl group in position 3 of the phenol ring. (B)
Cartoon illustrating fighting differences between wild type and octopamine depleted flies.
The left panel shows wild-type flies engaged in fighting, while octopamine depeleted flies on
the right don’t fight much at all. (Illustration courtesy of Bruno van Swinderen.)developed a second software program
called ‘lunge view’, that allows an
investigator rapidly to verify those parts
of the tape that are of potential interest.
Using this method, Hoyer et al. [9]
went on to show that a small size
difference of just 8% between flies
(invisible to our naked eye) is
associated with a detectably significant
advantage in establishing dominance
for the larger fly. It had previously
been shown that small flies (grown in
crowded conditions) are less likely to
be dominant [11], but the significance
of such a small size difference
illustrates the strength of this new
method. The authors also found that
walking distance and aggression
correlate well, and that normalizing
the data, by expressing aggression as
the number of lunges per walked meter,
strongly reduced the variance. They
speculate that activity may falsely
influence aggression and such
normalization is therefore warranted.
An alternative explanation, however,is that walking activity and aggression
are two motor output functions that
are mostly co-regulated, but that are
nevertheless genetically separable, so
that increased aggression need not be
associated with increased locomotor
activity. Moreover, males might also be
performing other locomotor behaviors,
such as courtship, and becuase males
generally do not fight and court at the
same time, this may underestimate
the true amount of aggression when
the data are normalized.
Hoyer et al. [9] next cast their eye on
the white mutant, because behavioral
genetic studies often make use of this
mutant background. White mutant flies
have white eyes and have defective
vision, but the white gene is also
expressed in the CNS outside of the
visual system and its mutation has
been shown to affect behaviors
unrelated to these vision defects
[12,13]. The authors found that white
mutant flies lunge at a severely reduced
rate of about 3% that of wild-type flies.Eliminating vision without affecting
white caused a slightly lesser decrease
in lunging, and eliminating white
expression from just the eyes
also almost completely abolished
aggression; however, restoring
white function in just the eyes only
partially rescued aggression. Together
these results suggest that vision is
important for lunging behavior and
that white function is important for
aggression, not just in the eyes but
also outside of the visual system.
The biogenic amine octopamine
has been implicated in aggression in
crickets [14] as well as Drosophila
[3,7], and is known to play a role in
the modulation of several sensory
systems [15,16] as well as motor
output functions [17]. Hoyer et al. [9]
therefore tried to see if they could
demonstrate a role for octopamine
in aggression in their system. This
was a delicate undertaking, as it is
difficult specifically to disrupt
octopamine function by itself, making
any results potentially hard to interpret.
First, the authors looked at tyramine
b hydroxylase mutants, which have no
detectable octopamine and a ten-fold
increased level of tyramine (which
accumulates because it is normally
converted to octopamine by tyramine
b hydroxylase; Figure 2A). They found
that these mutants rarely lunge, that
is, they display almost no aggression.
Curiously, Certel et al. [7] found no such
effect, but instead showed a decrease
in the transition of courtship to
aggression leading them to speculate
that octopamine may be important as
a gating mechanism between different
male behavioral outputs.
Hoyer et al. [9] next explored whether
a lack of octopamine, or an excess
of tyramine, is responsible for
these lackluster flies. They therefore
analyzed mutants of the neuronal
version of the tyrosine decarboxylase
gene (TDC2), which have no detectable
octopamine or tyramine in their brains
[18] (they fail to convert tyrosine to
tyramine, the substrate for tyramine
b hydroxylase; Figure 2A). These
mutants also have severely reduced
aggression; so, taking the genetic
data together, octopamine (and not
tyramine) appears to be the likely
culprit. Finally, they showed that
the octopamine defect is in effect
a brain problem, because silencing
octopamine and tyramine expressing
neurons recapitulated the mutant
results. Interestingly, neither mutant
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R163defect could be fully rescued either by
feeding octopamine or by substituting
gene function throughout development
or in the adults. This suggests that
the role of octopamine in aggression
involves a delicate dynamic that
cannot easily be mimicked in
transgenic or drug-treated animals,
and further experiments will be
necessary to tease out this complexity.
A number of questions remain
unanswered. How is octopamine
exerting its influence on aggression?
Octopamine can affect motivational
state (Figure 2B), alter receptor
sensitivity, change muscle contraction
kinetics and influence energy
metabolism [15–17]. Which of these
mechanisms is responsible for the
observed effect on fly aggression is
not quite clear. Nor is it known which
receptor is mediating the effect.
However, the effect of octopamine on
fly aggression appears to be opposite
to that of serotonin [8], an effect similar
to that seen in other invertebrates [19].
Does this conservation extend to
vertebrate organisms? It is interesting
in that respect that octopamine is the
presumed homolog of vertebrate
norepinephrine (Figure 2A), which has
a permissive effect on aggression in
vertebrates [20]. The recent finding
that two other modulators, serotonin
and neuropeptide F, affect aggression
in the fly [8], as do their homologs in
vertebrates, makes this possibility
more tantalizing. Might the basic
mechanism of aggression modulationEpithelial Organizat
Be with You
Multicellular organization is determined
as much as by the expression of genes.
physical modeling with experimental m
perturbations to shed light on the proce
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The architecture of living tissues
ultimately reflects the properties of
the cells from which they are formed.
Patterns of multicellular organization
reflect the history of cell division,
cell rearrangement and cell-shape
changes within a tissue. Epithelia, for
example, form sheets in which cellsbe that deeply conserved?
Whatever the answers to these and
other questions, this newly
developed automated method
should surely help us get these
answers faster.
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organization in the Drosophila wing [5].
The Drosophila wing imaginal disc
grows from 40 cells to over 50,000 cells
during larval development, suggesting
that cell proliferation could play a major
role in generating the cellular pattern.
Farhadifar et al. [5] use a mathematical
model based on specific physical
parameters to simulate the structural
changes that result from cell division in
an attempt to describe how tissue-wide
cellular patterns result from basic
properties of cell mechanics.
Cells are subject to the laws of
thermodynamics, and their natural
tendency is to adopt the most
stable, lowest energy configuration.
Farhadifar et al. [5] approach epithelial
organization as an energy minimization
problem in which the cell pattern has an
